De novo phosphatase and tensin homolog on chromosome ten (PTEN) mutations are a cause of sporadic autism. How single-copy loss of PTEN alters neural function is not understood. Here we report that Pten haploinsufficiency increases the expression of smallconductance calcium-activated potassium channels. The resultant augmentation of this conductance increases the amplitude of the afterspike hyperpolarization, causing a decrease in intrinsic excitability. In vivo, this change in intrinsic excitability reduces evoked firing rates of cortical pyramidal neurons but does not alter receptive field tuning. The decreased in vivo firing rate is not associated with deficits in the dendritic integration of synaptic input or with changes in dendritic complexity. These findings identify calcium-activated potassium channelopathy as a cause of cortical dysfunction in the PTEN model of autism and provide potential molecular therapeutic targets.
De novo phosphatase and tensin homolog on chromosome ten (PTEN) mutations are a cause of sporadic autism. How single-copy loss of PTEN alters neural function is not understood. Here we report that Pten haploinsufficiency increases the expression of smallconductance calcium-activated potassium channels. The resultant augmentation of this conductance increases the amplitude of the afterspike hyperpolarization, causing a decrease in intrinsic excitability. In vivo, this change in intrinsic excitability reduces evoked firing rates of cortical pyramidal neurons but does not alter receptive field tuning. The decreased in vivo firing rate is not associated with deficits in the dendritic integration of synaptic input or with changes in dendritic complexity. These findings identify calcium-activated potassium channelopathy as a cause of cortical dysfunction in the PTEN model of autism and provide potential molecular therapeutic targets.
gain | visual cortex | SK | mTOR | sensory processing C hildren with inherited or de novo mutations in a single copy of phosphatase and tensin homolog on chromosome ten (PTEN) show symptoms of autism, macrocephaly, mental retardation, and epilepsy (1-3), and de novo PTEN mutations are one of the most validated causes of autism (4) . This interest has led to the development of a number of lines of mutant mice with conditional homozygous Pten deletion in forebrain neurons. These mice are macrocephalic and epileptic and display abnormal social interactions and exaggerated responses to sensory stimuli (5, 6) . Because these mice display behavioral deficits that are also seen in autistic children, a number of studies have examined cortical connectivity and synaptic strength following Pten gene deletion and found enlarged neural somata, overgrown dendrites, and hyperconnected neural networks (5) (6) (7) (8) . These studies and studies in other mouse lines bearing mutations found in autistic individuals (9, 10) identify deficits in synaptic strength and number as the major etiology of abnormal circuit function in autism.
Alternatively, or in addition, cortical dysfunction in autism may be driven by changes in the normal expression of voltagesensitive and/or calcium-activated ion conductances, which would alter neural excitability. Supporting this view, calcium channelopathy causes Timothy syndrome where 80% of individuals surviving past the age of three are autistic (11) . Common and rare mutations in CNTNAP2, the protein product of which clusters voltage-sensitive potassium channels at the juxtaparanode of axons, are also strongly associated with autism (12) (13) (14) , as are mutations in SCN2A (15), which codes the α-subunit of a voltage-gated sodium channel.
The AKT/mTOR-signaling pathway that is regulated by PTEN regulates the translation Kv1.1 voltage-gated potassium channels (16) . Whether Pten mutation impacts the expression of other ion channels that regulate neural excitability is not known. Nor is it understood how Pten mutation impacts the processing of sensory information in vivo. Sensory-processing deficits are found in 80-90% of autistic individuals and may underlie some of the behavioral problems associated with autism.
Here we focus our studies on mice lacking one copy of Pten because heterozygous mutation more accurately models the human disease, whereas double-copy loss is lethal. Using twophoton imaging to target cell-attached and whole-cell recordings to layer 2/3 (L2/3) pyramidal neurons in the primary visual cortex, we find that single-copy loss reduces stimulus-evoked firing rates by half of their control values but has no impact on the selectivity of evoked firing to stimulus orientation and direction. Notably, the amplitude of subthreshold voltage responses to optimal visual stimuli was not different from controls. The reduction in neural firing is caused by increased expression of small-conductance calcium-activated potassium (SK Ca ) channels, which limit the firing frequency of neurons by regulating the action potential after hyperpolarization.
These results identify an unsuspected mechanism by which PTEN regulates cortical gain control in vivo, thereby altering sensory processing.
Results PTEN regulates many aspects of cortical development, including proliferation, survival, migration, differentiation, lamination, and dendritic growth, as well as synaptic connectivity (8, 17) . To examine PTEN's role in regulating neural plasticity and sensory processing, we recorded from L2/3 pyramidal neurons in the mouse primary visual cortex in Pten conditional knockout mice and wild-type controls. Neurons in the mouse visual cortex have Significance Advances in human genetics have identified many gene alterations that cause autism, but how these mutations lead to cortical dysfunction is not understood. Mutations in the gene phosphatase and tensin homolog on chromosome ten (PTEN) cause autism and intellectual disability. We have discovered that single-copy deletion of Pten results in overexpression of the small-conductance calcium-activated potassium channel in cortical neurons. This overexpression leads to decreased sensitivity of cortical neurons to incoming inputs. In vivo, this diminished excitability leads to decreased primary visual cortical responsiveness to visual stimuli. We hypothesize that diminished cortical responses in primary sensory regions lead to poor recruitment of secondary sensory cortices, leading to sensory processing deficits. Our findings identify a unique target for potential pharmacological intervention.
well-characterized receptive field properties with high selectivity to specific stimuli (18) , permitting detailed examinations of neural responses to sensory stimuli. Conditional Pten deletion was achieved by generating mice in which Cre recombinase, driven by the alpha-calcium/calmodulin kinase II (CaMK2) promoter, excised one or both copies of Pten from forebrain pyramidal neurons (Methods). In these mice, Cre expression was restricted to pyramidal neurons in the extragranular layers and expression turned on just before the fourth postnatal week of age (Fig. S1 ), the peak period of experience-dependent plasticity in the visual cortex (19) . By turning on Cre expression and deleting Pten at this age, the earlier events of neural differentiation, migration, and cortical lamination proceed normally. A second advantage of this approach is that Cre is not expressed in cortical layer 4 or the lateral geniculate nucleus of the thalamus (Fig. S1 ), preserving the function of the antecedent input to L2/3 pyramidal neurons.
SK Ca Channel-Dependent Decrease in Intrinsic Excitability in Pten
Mutants. To examine whether the intrinsic excitability of cortical neurons is altered by single-copy Pten deletion, we performed whole-cell recordings from L2/3 pyramidal neurons in slices of the visual cortex from 6-wk-old CaMK2-Cre +/− ;Pten +/loxP mice and controls. Pten mutant neurons fired fewer action potentials than control neurons to equivalent current step injections ( Fig. 1  A and B) [control (n = 47), Pten +/− (n = 33); P < 0.05, two-way ANOVA, Bonferroni post hoc test]. Mutant neurons were also characterized by decreased input resistance (P = 0.0053) and an increase in the amplitude of the action potential after hyperpolarization (AHP; P = 0.0045), as measured 25 ms after action potential onset ( Fig. 1 C-E) . Resting membrane potential, threshold, membrane time constant, action potential amplitude, and half-width were not significantly changed in Pten +/− mice relative to controls (Table S1 ). These data indicate that single-copy loss of Pten significantly decreases the intrinsic excitability of pyramidal neurons.
Because a large component of the action potential after hyperpolarization is mediated by calcium-dependent conductances (20, 21) , we examined whether these conductances were enhanced in Pten mutant neurons. In the presence of the intracellular calcium chelator 1,2-Bis(2-aminophenoxy)ethane-N, N,N′,N′-tetraacetic acid (BAPTA; 20 mM), the number of action potentials elicited per current step and measures of input resistance were not different between Pten +/− and control neurons (control, n = 8; Pten, n = 8; Fig. 2 A and B) , indicating that changes in calcium-activated conductances play a significant role in diminishing the excitability of Pten +/− neurons. Largeconductance calcium-activated potassium channel (BK Ca ) and small-conductance calcium-activated potassium channel (SK Ca ) are the main subtypes of calcium-dependent potassium conductances in cortical neurons. To examine whether the observed decrease in intrinsic excitability is due to altered BK Ca or SK Ca conductances we bath-applied the BK Ca antagonist paxilline (5 μM) or the SK Ca antagonist apamin (200 nM). In the presence of apamin, measures of the intrinsic excitability of pyramidal neurons, input resistance, and AHP amplitude were indistinguishable in Pten heterozygous neurons (n = 19) and drugtreated controls (n = 27) (Table S1 and Fig. 2 C-F) . Notably, paxilline did not change these measures (Table S1 ). Western blot of protein isolated from L2/3 of the primary visual cortex showed an approximately threefold increase in SK2 subunit expression in Pten +/− mice relative to controls ( Fig. 2 G and H). Taken together, these data show that decreased dosage of PTEN in cortical pyramidal neurons decreases intrinsic excitability by increasing the expression of SK Ca channels, thereby increasing total SK Ca conductances.
Pten Haploinsufficiency Reduces Visually Evoked Firing Rates but Does Not Alter Tuning. Sensory-processing abnormalities are considered by many to be an important feature of autism (22) . To examine whether the decrease in intrinsic excitability that we see in acute cortical slices impacts cortical sensory processing, we recorded visually evoked responses of L2/3 pyramidal neurons in loose cell-attached and whole-cell mode. Presumptive fast spiking interneurons were excluded from analysis based on spike waveform (ref. 23; Methods). Patch micropipettes were targeted to neuronal somas under visual guidance using the "shadow patch" technique (24) . Recordings were made in 4-to 8-wk-old mice. To examine how Pten copy number impacts the tuning properties of cortical pyramidal neurons, we presented sine wave drifting gratings at six orientations (12 directions) at a range of spatial frequencies for each cell. Peak evoked firing rates at the optimal direction and spatial frequency were significantly reduced in Pten +/− and Pten −/− mice compared with controls ( Fig ). Notably, we found no significant difference in firing rates between Pten +/− and Pten
neurons. Spontaneous firing rates were unaffected by Pten deletion ( Fig. 3B , P = 0.87, one-way ANOVA). Remarkably, receptive field tuning was preserved despite the decrease in evoked firing rates; indices of orientation selectivity, direction selectivity, and orientation bandwidth were all normal ( Fig. 3 C-E; orientation selectivity: P = 0.42, one-way ANOVA; direction selectivity: P = 0.91, one-way ANOVA; bandwidth: P = 0.66, one-way ANOVA). Fig. 3F shows the average baseline-subtracted firing rates in control, Pten
, and Pten −/− mice in which the peak response of all neurons has been circularly rotated to a 90°ori-entation preference. The reliability of action potential firing to the preferred visual stimulus was not different in Pten +/− (n = 17) and controls (n = 38) ( Fig. S2A ; P = 0.62). Pten +/− neurons fired fewer bursts than control neurons (as measured by the proportion of interspike intervals ranging from 5 to 15 ms), although bursts constituted were rare in both controls and Pten +/− (Fig. S2B) . The mean visually evoked firing rate to the preferred stimulus was not different in Pten mutant (n = 8) and control neurons (n = 8) with high baseline firing rates (putative interneurons), ( Fig.  S2C ; P = 0.95). These measures show that single-or double-copy loss of Pten equally decrease the gain of visually evoked spike output in L2/3 without altering the fundamental tuning properties of these neurons.
Dendritic Growth Is Not Altered in L2/3 Pyramidal Neurons in Pten
Mutant Mice. Conditional double-copy loss of Pten induces apical dendritic growth and new spine formation in L2/3 pyramidal neurons (7) . To determine if single-copy loss also altered dendrite size, we imaged the full dendritic structure of a subset of those cells from which we obtained in vivo whole-cell recordings (control, n = 6; Pten +/− , n = 5). The internal solution of our patch pipettes contained Alexa dye, which passively filled these neurons, permitting us to fully image their dendritic structure in vivo (compare Fig. 4 A and D and Fig. S3 ). We found no changes in apical dendrite length or tortuosity in Pten +/− mice (terminal tip length, control: 80 ± 36 μm; Pten +/− : 82 ± 37 μm; P = 0.9; tortuosity, control: 1.16 ± 0.1; Pten +/− : 1.13 ± 0.05; P = 0.22). Sholl analysis also did not show a significant difference in dendritic complexity (P > 0.05 at all radii when corrected for multiple comparisons) (Fig. S3) . Thus, the spiking deficit we observe in Pten +/− neurons is not correlated with gross changes in dendritic structure. These findings support an emerging view in which PTEN's regulation of neural structure and function are mechanistically distinct (25) .
Visually Evoked Subthreshold Responses Are Normal in Pten Mutant
Mice. Reductions in sensory evoked action potential output could be caused by altered synaptic transmission (8) and/or dendritic integration (26) . To examine these issues, we measured visually evoked subthreshold modulations in membrane potential (27) , which report the integrated somatic response to synaptic activity. Notably, synaptic potentials measured at the soma are spatially and temporally filtered and amplified by intrinsic dendritic conductances (26) . Two measures of subthreshold responses to visual stimulation were made: i) the direct current (DC or F0) response, which measures the average subthreshold response to each visual stimulus, and ii) the alternating current (AC or F1) response, which measures the subthreshold response to each cycle of the drifting grating stimulus that we used (28) (Fig. 4 B, E, C, and F). In control neurons (n = 13 cells in 12 mice), mean depolarization of the membrane potential (DC) and amplitude of the cycle-averaged membrane potential response (AC) were tuned for stimulus orientation (Fig. 4G) . DC and AC measurements in Pten homozygous and heterozygous mutant neurons were not significantly different (P > 0.05); we therefore pooled them to increase statistical power. These measures in Pten mutants (n = 11 cells in eight mice) were not different from controls at any orientation (for all orientations, see Fig. 4G , orange line. At optimal orientation for spiking, DC: control = 5.4 ± 3.9 mV; Pten mutants = 5.6 ± 2.4 mV, P = 0.64, AC: 
Discussion
Approximately 7% of macrocephalic children with autism have single-copy mutations (3). Previous studies have identified cortical dendritic and synaptic changes induced following double-copy loss of Pten (5, 7, 8), yet far less is known about how single-copy loss of Pten, as would occur with inherited or de novo mutations in humans (29) , impacts the structure and function of the nervous system. Here, we show that single-copy loss of Pten in cortical pyramidal neurons increases SK Ca conductances, causing a decrease in intrinsic excitability. In vivo, this causes a significant reduction in sensory-evoked firing rates but does not change receptive field tuning. Notably, the change in in vivo firing rates was found in both heterozygous mice, in which dendrites did not grow, and in homozygous mice, where dendritic growth is pronounced. We found no significant change in spontaneous firing rates of cells, likely because spontaneous firing rates in control L2/3 visual cortical neurons were already very low, creating a floor effect. Our findings provide further evidence that PTEN's regulation of cellular morphology and physiology is mechanistically separable (25) .
It is possible that changes to the expression levels of other potassium channels (25) or inhibitory conductances (30) could play a role in the changes of response magnitude seen in vivo, although the decrease in intrinsic excitability was entirely rescued by SK Ca channel blockade. Increased SK Ca channel expression could also potentially decrease the size of excitatory synaptic potentials at the spine through activation by calcium entry through NMDA receptors or voltage-gated calcium channels (31, 32) .
In the visual system, gain modulation adjusts neural responsiveness without impairing selectivity and is used to scale cortical network function in a contrast-dependent manner (33) . Changes in input-output functions adjust firing rates to enhance coding of dynamic visual scenes where luminance, spatial frequency, and contrast often change over many orders of magnitude. Higherlevel brain regions compare the outputs of these lower-level sensory neurons to compute perceptual decisions (34). Impairments in low-level gain modulation, as seen here, would therefore be expected to degrade sensory perception in noisy or ambiguous contexts. Changes in gain modulation are increasingly found to drive experience-dependent plasticity in the normal cortex (35, 36) , and there is growing recognition that deficits in gain modulation and its plasticity underlie the pathophysiology of some neurodevelopmental diseases, including autism (37, 38) . The lower visually evoked firing rates in the primary visual cortex Pten + /− mice may result in weakened recruitment of downstream secondary visual cortical and nonvisual areas, degrading sensory processing.
On a more fundamental level, our data showing that changes in intrinsic excitability are due to changes in SK Ca channels identify potassium channelopathy as a potential underlying cause of cortical dysfunction resulting from PTEN haploinsufficiency. Future studies in model animals will be needed to determine if modulation of SK Ca channels can potentially rescue sensory dysfunction and social behavioral deficits. To determine where Cre is expressed in the visual pathway and when its expression begins, we crossed alpha-CaMK2-Cre +/− mice with mice expressing a floxed red fluorescent protein reporter gene (tdTomato) that is knocked into the Rosa26 locus (AI9 line of mice from Allen Brain Institute; Jackson Laboratories 007909). Sections were cut at 40-μm thickness and imaged with two-photon excitation. Cell counts were made using Neurolucida software. Fig. S1 plots the change in cortical expression as a function of age in L2/3 of the primary visual cortex.
Methods
Surgery for in Vivo Physiology. Four-to eight-week-old male or female mice were anesthetized with chlorprothixene (5 mg/kg) and urethane (0.5 g/kg). A 2-to 3-mm craniotomy was performed over the primary visual cortex. Supplemental doses of urethane (0.1-0.2 mg/kg) were administered when the animal showed signs of arousal from anesthesia. At the time of the recordings, Pten mutant animals were indistinguishable in appearance from their littermates and required similar doses of anesthesia for the experiments. A circular glass coverslip was positioned such that it covered most of the craniotomy but allowed access for micropipettes to penetrate the brain; the coverslip was fixed to the skull with dental cement. A recording well was made out of dental cement. A stainless steel bar attached to a custom-made head holder was used to immobilize the head for recordings. A silver chloride ground electrode was implanted over the cerebellum.
In Vivo Cell-Attached and Whole-Cell Recordings. Micropipettes were pulled on Sutter Instruments P-97 pipette puller to a resistance of 5-7 MΩ, when filled with an internal solution containing (in mM): KGluc 105, KCl 30, Hepes 10, phosphocreatine 10, ATP-Mg 4. GTP 0.3, Alexa-594 0.01-0.05. The pressure in the recording pipette was set at 300 mbars as the microelectrode penetrated the brain. Pressure was decreased to 50-70 mbars as the pipette was guided to L2/3 and then reduced to 20 mbars. In vivo two-photon imaging was performed with a custom-made two-photon microscope and ScanImage software (40) using a Ti-Sapphire laser at 800 nm and a 40× 0.8 numerical aperture (NA) Zeiss water-immersion objective or a 16× 0.9 NA water-immersion objective. Neuronal somata could be clearly visualized as silhouettes on the background of neuropil stained by the extruded Alexa-594. The pipette was placed against the soma, and this placement was confirmed by accumulation of the Alexa-594 against the soma as well as an increase in the resistance of the pipette. Negative pressure (up to −100 mbars) was then applied. In vivo cell-attached or whole-cell recordings were performed with an Axoclamp 2A amplifier (Axon Instruments). Traces were low-pass-filtered at 5 kHz and digitized at 10 kHz, using NIDAQ cards (National Instruments) running under the WinEDR and WinWCP Strathclyde Electrophysiology Software. Cell-attached recordings of action potential firing were performed in current clamp mode when a GΩ seal could not be obtained. When a GΩ seal was obtained, further negative pressure was applied to gain whole-cell access. No junction potential subtraction was performed. Cells with a resting membrane potential below −60 mV were included. The cell's anatomy was reconstructed in three dimensions by performing multiple overlapping image stacks at 2-4 μm using Neurolucida. Tortuosity was measured as a ratio of the length along the distance of the dendrite from base to tip, divided by the straight line distance from base to the tip of the dendrite (actual length/straight line distance). Terminal tip lengths were measured as the lengths of dendrite segments from terminal tip to nearest branch point. Sholl analysis was performed by on the Z stack projections of Neurolucida reconstructions by counting the number of intersections of dendrites with concentric rings spaced every 25 μm. Statistical significance was measured using a two-tailed t test comparing controls vs. Pten + /− . For Sholl analysis, P values were corrected for multiple comparisons.
Membrane potential responses were filtered with a 5-ms median filter to remove action potentials from the trace; three to four repeats of the same visual presentation were averaged. To calculate AC modulation amplitude, responses were cycle-averaged by averaging six consecutive 500-ms epochs of a 3-s visual presentation (2 Hz temporal frequency). Cells were considered nonresponsive if the mean minus SD of the baseline subtracted firing rate was less than zero across all orientations. In cell-attached mode, cells were considered fast spiking interneurons if the peak to trough of the action potential waveform was less than 0.7 ms. In whole-cell mode cells were considered fast spiking interneurons if the half-width of the action potential was less than 0.7 ms. These cells were not included in the analysis. Rare cells with baseline firing rates greater than 3 Hz were also not included in the analysis as they are likely inhibitory interneurons (23) .
Slice Whole-Cell Recordings. Recordings were made from 6-wk-old mice. The brain was removed and placed into ice-cold cutting solution in Mm: sucrose 222, D-glucose 11, NaHCO 3 26, NaH 2 PO4 1, KCl 3, MgCl 2 7, CaCl 2 0.5, aerated with 95% O 2 , 5% CO 2 . Three hundred-micrometer coronal slices of the visual cortex were cut with a Leica VT1000S Vibratome. Slices were allowed to recover at 37°C in artificial cerebrospinal fluid (ACSF) in mM: NaCl 124, KCl 2.5, NaHCO 3 To analyze all action potential parameters, we injected the minimum current intensity to evoke one action potential. Input resistance was calculated as the slope of the linear fit of the voltage-current plot generated from a family of positive and negative current injections (−100 to +100 pA at 25-pA intervals, 500 ms in duration). For analysis we use Axograph X software (Molecular Devices).
Western Blots. Brains from 1-mo-old wild-type and Pten +/− mice were dissected in ice-cold cutting solution, and 300-μm slices were cut as described above. Microdissection of the visual cortex was performed, and samples were kept on ice or stored at −20°C until further processing. Tissue was then homogenized in RIPA buffer, followed by centrifugation at 4°C for 10 min at 16,060 × g. The resultant supernatant was obtained, and proteins were fractioned by SDS/PAGE. Immunoblots were probed with rabbit anti-K Ca 2.2 (SK2) (Alomone Labs, 1:250), rabbit anti-PTEN C-Term, clone Y184 (Millipore, 1:500), and mouse anti-β-actin, clone AC-15 (Sigma-Aldrich, 1:250), followed by appropriate IgG conjugated with horseradish peroxidase as a secondary antibody. SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) was applied for protein detection. Imaging and densitometric quantification was done using ChemiDoc XRS+ System (Bio-Rad). The membranes were stripped with Restore Western Blot Stripping Buffer (Thermo Scientific), and each antibody was applied separately to the same membrane for better appreciation of individual bands. Two replicates were made for each mouse to confirm validity of the results. Relative protein levels were calculated by normalizing relative quantities of both PTEN and SK2 to β-actin loading controls, and significance was determined by using a Mann-Whitney test.
Analysis. The global orientation selectivity index (OSI) was calculated as 1 minus circular variance (41, 42) . Direction selectivity and bandwidth were calculated as in ref. 18 . Briefly, direction selectivity was calculated after subtracting baseline firing rate as (spike rate at preferred orientation minus spike rate at opposite orientation)/(the sum of the spike rates at both orientations). Orientation bandwidth, a local measure of orientation selectivity, was measured at half-width, half-height after fitting a sum of two Gaussians (18) . The reliability of the action potential firing to the visual stimulus of preferred direction was calculated by measuring the Fano factor (variance/mean) of the mean firing rate across multiple presentations of the stimulus. The tendency of burst firing was measured by calculating the proportion of interspike intervals that fell below 5-15 ms.
Statistics. To examine significance across multiple comparisons, a one-way ANOVA (Kruskal-Wallis) was first performed, followed by Dunn's posttest. For comparisons of two data sets, unpaired t tests were used. Error bars in all figures are SEM.
